Sialylation is an important carbohydrate modification of glycoconjugates in the deuterostome lineage of animals. By contrast, the evidence for sialylation in protostomes has been scarce and somewhat controversial. In the present study, we characterize a Drosophila sialyltransferase gene, thus providing experimental evidence for the presence of sialylation in protostomes. This gene encodes a functional ␣2-6-sialyltransferase (SiaT) that is closely related to the vertebrate ST6Gal sialyltransferase family, indicating an ancient evolutionary origin for this family. Characterization of recombinant, purified Drosophila SiaT revealed a novel acceptor specificity as it exhibits highest activity toward GalNAc␤1-4GlcNAc carbohydrate structures at the non-reducing termini of oligosaccharides and glycoprotein glycans. Oligosaccharides are preferred over glycoproteins as acceptors, and no activity toward glycolipid acceptors was detected. Recombinant Drosophila SiaT expressed in cultured insect cells possesses in vivo and in vitro autosialylation activity toward ␤-linked GalNAc termini of its own N-linked glycans, thus representing the first example of a sialylated insect glycoconjugate. In situ hybridization revealed that Drosophila SiaT is expressed during embryonic development in a tissue-and stage-specific fashion, with elevated expression in a subset of cells within the central nervous system. The identification of a SiaT in Drosophila provides a new evolutionary perspective for considering the diverse functions of sialylation and, through the powerful genetic tools available in this system, a means of elucidating functions for sialylation in protostomes.
Sialylation is an important carbohydrate modification of glycoconjugates in the deuterostome lineage of animals. By contrast, the evidence for sialylation in protostomes has been scarce and somewhat controversial. In the present study, we characterize a Drosophila sialyltransferase gene, thus providing experimental evidence for the presence of sialylation in protostomes. This gene encodes a functional ␣2-6-sialyltransferase (SiaT) that is closely related to the vertebrate ST6Gal sialyltransferase family, indicating an ancient evolutionary origin for this family. Characterization of recombinant, purified Drosophila SiaT revealed a novel acceptor specificity as it exhibits highest activity toward GalNAc␤1-4GlcNAc carbohydrate structures at the non-reducing termini of oligosaccharides and glycoprotein glycans. Oligosaccharides are preferred over glycoproteins as acceptors, and no activity toward glycolipid acceptors was detected. Recombinant Drosophila SiaT expressed in cultured insect cells possesses in vivo and in vitro autosialylation activity toward ␤-linked GalNAc termini of its own N-linked glycans, thus representing the first example of a sialylated insect glycoconjugate. In situ hybridization revealed that Drosophila SiaT is expressed during embryonic development in a tissue-and stage-specific fashion, with elevated expression in a subset of cells within the central nervous system. The identification of a SiaT in Drosophila provides a new evolutionary perspective for considering the diverse functions of sialylation and, through the powerful genetic tools available in this system, a means of elucidating functions for sialylation in protostomes.
Sialic acids compose a large family of negatively charged nine-carbon ␣-keto acids and are typically located at the nonreducing termini of glycans. In mammals, sialic acids have been implicated in a number of important biological processes, such as the regulation of turnover of circulating glycoproteins and erythrocytes, pathogen-host recognition, immune system functioning, and nervous system development (reviewed in Refs. 1 and 2). In addition, alterations in sialic acid biosynthesis often correlate with malignant transformation and tumor progression (3, 4) .
In vertebrates, the biosynthesis of sialylated glycoconjugates includes a number of enzymatic reactions that convert the precursor sugar, uridine-diphosphate-N-acetylglucosamine, into the donor sugar, cytidine monophosphate N-acetylneuraminic acid (CMP-Neu5Ac) 1 (2) . This donor molecule is used by sialyltransferases for the linkage-specific sialylation of glycoconjugates. Sialyltransferases usually exhibit strict acceptor specificity, and synthesize one type of linkage between sialic acid and acceptor substrates. Their expression is often regulated, and specific patterns of sialylation may vary at different developmental stages (5) . The combined characterization of the biochemical activity and the expression pattern of each sialyltransferase provide an indication of the structure and spatialtemporal distribution of sialylated glycoconjugates, and is thus essential for understanding the in vivo functions of sialic acid.
Twenty different sialyltransferases have been cloned in mammals. They synthesize different linkages (␣2-6, ␣2-3, and ␣2-8) and differ in their acceptor specificities (5) (6) (7) (8) . Structurally, all vertebrate sialyltransferases have a similar molecular architecture. (i) They are type II transmembrane glycoproteins that predominantly reside in the trans-Golgi compartment and have a short N-terminal cytoplasmic tail that is not important for their catalytic activity. (ii) They have a transmembrane anchor domain that contributes to Golgi retention. (iii) They include a stem region of highly variable length (from 20 to 200 amino acids) that is followed by a large C-terminal catalytic domain (5, 9) . The catalytic region of all vertebrate sialyltransferases contains three conserved motifs: L (Large), S (Small), and VS (Very Small) (10, 11) . These motifs are involved in substrate binding, formation of essential disulfide bonds (L and S (12, 13) ), and catalysis (VS (11, 14) ).
In contrast to deuterostomes (vertebrates, ascidians, and echinoderms), very little is known about the presence and function of sialic acids in protostomes (annelids, arthropods, and mollusks). Data on the occurrence of this carbohydrate in protostomes has been scarce and somewhat controversial. Several efforts to detect sialyltransferase activity (15) (16) (17) , sialylated glycans (17, 18) , or the CMP-Neu5Ac donor sugar (16, 19) in insect cells have failed, but other papers have reported the occurrence of sialic acids or sialyltransferase activity in insects (20 -23) . Experiments with insect Sf9 cells stably expressing two mammalian glycosyltransferases, ␤1-4-galactosyltransferase and ␣2-6-sialyltransferase, revealed the biochemical potential of these cells to provide a sugar donor for sialylation (24) . However, endogenous sialyltransferase activity was not detected (25, 26) . Thus, it was suggested that in insect cells the sialylation pathway may be present as a highly specialized biochemical process that occurs in a tissue-and/or developmental stage-specific manner, or perhaps that sialic acids are present in only a small number of protostome species (2, 27) .
The availability of complete genomic information recently made Drosophila a powerful model system for elucidating the biochemical components of insect glycosylation pathways. Searches of the Drosophila genome data base revealed the presence of several genes that encode putative orthologues of vertebrate enzymes of the sialic acid biosynthetic pathway, including Neu5Ac phosphate synthase, CMP-Neu5Ac synthase, CMP-Neu5Ac/CMP antiporter, and sialyltransferase (GadFly data base (28) ; CAZY data base (29); 30, 31). 2 A recent study confirmed that Drosophila has a functional Neu5Ac phosphate synthase with significant homology to the human orthologue, which indicates the possibility of a vertebrate-type pathway for CMP-sialic acid biosynthesis in Drosophila (31) . Evidence for the presence of sialylated structures in Drosophila has, however, only been reported in one study, and the nature of these sialylated glycoconjugates has not been analyzed further (21) .
In the present study, we identify and characterize the apparently single vertebrate-type sialyltransferase gene of Drosophila melanogaster, SiaT. We demonstrate that this gene encodes a functional ␣2-6-sialyltransferase, which is structurally and functionally related to the ST6Gal family of vertebrate sialyltransferases, yet has a distinct acceptor specificity. Analysis of the Drosophila SiaT expression pattern during embryonic development reveals a distinct pattern of expression in the central nervous system, which suggests possible functions of the SiaT gene in neural development.
EXPERIMENTAL PROCEDURES
Materials-Bovine ␣ 1 -acid glycoprotein, fetuin, asialofetuin, bovine ␣-lactalbumin, bovine lactoferrin, N-acetyllactosamine, Gal␤1-3GlcNAc, Gal␤1-3GalNAc, asialo-GM1, asialo-GM2, monosialo-GM3, type III gangliosides mixture, and lactoceramide were from Sigma. GalNAc-benzyl, lacto-N-tetraose, and lacto-N-neotetraose were from Calbiochem. Disaccharides with a hydrophobic aglycone, LacNAc-R g and LacdiNAc-R g (where R g is O-(CH 2 ) 8 CO 2 CH 3 (32)), were the generous gifts from Dr. Monica Palcic (University of Alberta, Canada). GalNAc␤1-4GlcNAc␤1-2Man␣1-O(CH 2 ) 7 CH 3 was from Dr. Johannis P. Kamerling (Utrecht University, The Netherlands). Drosophila mucin-D glycoprotein (33) and Drosophila glycolipid mixture (upper phase (34)) were kindly provided, respectively, by Dr. Andrei Kramerov (UCLA) and Dr. Michael Tiemeyer (Complex Carbohydrate Research Center, University of Georgia). Biotinylated Sambucus nigra (SNA), Ricinus communis agglutinin I (RCA-I), and Wistaria floribunda (WFA) lectins were from Vector Laboratories (Burlingame, CA). Merck HPTLC Silica Gel 60 F 254 plates were from EM Science (Gibbstown, NJ). IgG-Sepharose 6 Fast Flow beads were from Amersham Biosciences. CMP-[ 14 C]Neu5Ac (12.0 GBq/mmol, 740 KBq/ml) was from PerkinElmer Life Sciences. PNGaseF and ␤-N-acetylhexosaminidase f were from New England Biolabs (Beverly, MA). Purified rabbit IgG was from Jackson ImmunoResearch (West Grove, PA). Asialo-␣ 1 -acid glycoprotein was prepared by acid hydrolysis in 0.02 N HCl for 1 h at 80°C.
Expression Constructs-Construct for the expression of HA-tagged full-length Drosophila SiaT (designated D. SiaT) protein was prepared as follows: (i) by introducing an XbaI site after the last codon of D. SiaT open reading frame in cDNA clone GH27778 by PCR; (ii) in-frame ligation of double-stranded oligonucleotide encoding HA tag (35) followed by 6 histidines and a stop codon into this XbaI site; and (iii) by subcloning the resulting DNA construct into pRmHA-3 expression vector (36) . In order to make a construct expressing D. SiaT with Nterminal protein A tag, we PCR-amplified a DNA fragment encoding the IgG-binding domain of Staphylococcus aureus protein A from plasmid pRL715 (a gift from Dr. K. Severinov (37)), ligated this DNA in-frame with PCR-amplified DNA fragment of GH27778 encoding 86 -451 amino acids of D. SiaT protein, and then inserted the resulting DNA into pMT/BiP/V5-HisA vector (Invitrogen) in-frame with the BiP signal sequence (38) . The final construct expressed a D. SiaT fusion protein in which the first 85 amino acids, including the endogenous signal peptide and a part of the stem region, were replaced with BiP signal peptide followed by the IgG-binding domain of S. aureus protein A.
Cell Culture-Drosophila S2 cells were maintained and transfected as described (39) . Spodoptera frugiperda Sf9 cells were grown as a suspension culture in Erlenmeyer flasks with orbital shaking at 110 rpm using the media described (26) . Generation of recombinant baculovirus and production of recombinant protein in baculovirus-infected cells was performed using the Bac-to-Bac expression system (Invitrogen) according to the manufacturer's protocol.
Protein Purification-For purification of protein A-tagged D. SiaT protein, we collected medium from Sf9 cells 72 h after infection with recombinant baculovirus. This medium was incubated with IgG-Sepharose beads on a rotator at 4°C overnight. Afterward, the beads were extensively washed with phosphate-buffered saline and assay buffer and used in sialyltransferase assays. The amount of purified protein was quantified by Coomassie staining of SDS gels loaded with D. SiaT and a protein standard (bovine serum albumin).
Sialyltransferase Assays-Unless otherwise stated, D. SiaT activity was measured in 50 mM cacodylate buffer, pH 6.5, 1% Triton CF-54 (v/v), 3 mM oligosaccharide acceptor, 50 g of glycoprotein or 12.5 g of glycolipids, and 108 M CMP-[
14 C]Neu5Ac (22.7 mCi/mmol) in a total volume of 20 l at 37°C for 2 h. Before the assays, IgG-SiaT beads were first autosialylated in the presence of 100 M CMP-Neu5Ac for 1.5 h at 37°C in order to eliminate competition between autosialylation and the tested acceptors. During assays, IgG-SiaT beads were kept in suspension using a shaking water bath. The reactions were within linearity range for at least 3 h, and no more than 10% of CMP-Neu5Ac and substrates were consumed in any assay. Oligosaccharide samples were spotted directly on HPTLC plates and developed in 1-propyl alcohol/ aqueous ammonia/water (6:1:2.5) solvent system. Glycoproteins were analyzed by SDS-PAGE followed by autoradiography and quantification using the Storm imaging system (Amersham Biosciences). Gangliosides were desalted as described (40) and analyzed by HPTLC in a solvent system of chloroform, methanol, and 0.02% CaCl 2 (55:45:10 ). An aliquot of Drosophila glycolipids was also treated with hydrofluoric acid to remove phosphoethanolamine residues as described (34) . After the sialyltransferase assays, Drosophila glycolipids were desalted on Sephadex G-25 columns (41) and analyzed by HPTLC in a buffer system of chloroform, methanol, and 0.25% aqueous potassium chloride (10:10:3). LacNAc-R g and LacdiNAc-R g acceptors were also analyzed by HPTLC in the same buffer system without prior desalting. When GalNAcbenzyl was used as an acceptor, the unincorporated donor was removed by Sep-Pak C 18 (Waters) column, and then incorporated radioactivity was measured by scintillation counting (32 (43) . Because the degree of sialylation can vary between different batches of lactoferrin, we estimated the ratio of sialylated LacdiNAc termini in our lactoferrin sample by comparing D. SiaT-mediated incorporation of [ 14 C]Neu5Ac into Vibrio cholerae sialidase-treated and non-treated lactoferrin. We did not detect any difference in the amount of Neu5Ac incorporation between these two samples; hence we assumed that the ratio of sialylated to non-sialylated LacdiNAc in our commercial lactoferrin sample was negligible. Thus, 2.6 mol of non-sialylated LacdiNAc termini were assumed to be present on each mole of lactoferrin.
Linkage Analysis-The linkage and terminal position of incorporated sialic acids were examined using a battery of exoglycosidases. After modification by D. SiaT, glycoprotein and oligosaccharide acceptors were treated with ␣2-3-sialidase (Streptococcus pneumoniae), ␣2-3,6-sialidase (Clostridium perfringens), ␣2-3,6,8-specific (V. cholerae) or ␣2-3,6,8,9-sialidase (Arthrobacter ureafaciens) (all from Sigma). The position of sialic acids was also examined by ␤1-3,4,6-galactosidase (bovine testes, Sigma) treatment. The acceptor sugar residue on D. SiaT was determined by the combination of ␤1-2,3,4,6-N-acetylglucosaminidase from S. pneumoniae (Calbiochem) and ␤1-2,3,4,6-N-acetylhexosaminidase f (New England Biolabs) digestions. All experiments with glycosidase treatments included a control reaction (mock treatment) with identical conditions except for the absence of the corresponding glycosidase. The digestion products of oligosaccharides were analyzed by HPTLC, and those of glycoproteins were subjected to PAGE, followed by autoradiography. 2 V. M. Panin, unpublished data.
Lectin Blotting-SDS-PAGE-separated glycoproteins were transferred to nitrocellulose membrane, blocked in PBTS (phosphate-buffered saline, 0.05% Tween, 0.05% saponin) overnight, and incubated with the corresponding biotinylated lectins in PBTS at 5 g/ml (SNA) or 10 g/ml (WFA) concentrations for 1 h at room temperature. After extensive washes, lectin binding was visualized using horseradish peroxidase-conjugated streptavidin (ABC Vectastain Elite kit, Vector Laboratories) followed by chemiluminescence detection (Pierce).
Large Scale Sialyltransferase Assay and 1 H NMR-For the preparative scale sialyltransferase assay, 1 mg of D. SiaT (bound to IgG beads), 100 nmol of GalNAc␤1-4GlcNAc␤1-2Man␣1-O(CH 2 ) 7 CH 3 , and 150 nmol of CMP-NeuAc were incubated in 50 mM cacodylate buffer, pH 6.5, at 25°C for 72 h in 1.5-ml final volume. Every 12 h an aliquot of CMP-NeuAc (70 nmol) was added to the reaction mixture. The sialylated product was desalted on Sep-Pak C18 cartridges as described (32) , and the sample was lyophilized twice from 99.8% D 2 O (Cambridge Isotopes Labs) and finally dissolved in 99.96% D 2 O.
1 H NMR spectra were collected at 14.1 tesla (600-MHz proton frequency) and 300 K on a Varian Inova NMR spectrometer. Chemical shifts are referenced relative to internal acetone (␦ 2.225 ppm). NMR data were processed using a software package developed by Dr. J. A. van Kuik (Bijvoet Center, Department of Bio-organic Chemistry, Utrecht University).
Immunostaining and in Situ Hybridization-Immunostaining of D. SiaT-expressing S2 cells was performed as described (44) . We used primary monoclonal mouse anti-HA antibody at 1:1000 (Babco), polyclonal rabbit anti-Lva antibody at 1:5000 (a gift from Dr. John Sisson, The University of Texas, Austin), Cy3-conjugated donkey anti-mouse (1:500), and fluorescein isothiocyanate-conjugated donkey anti-rabbit (1:140) antibodies (both from Jackson ImmunoResearch). D. melanogaster Canton-S embryos were collected on apple juice plates at 25°C as described (45) . In situ hybridization of Drosophila embryos was performed using a published protocol (46) with digoxigenin-labeled RNA probe (produced with DIG RNA labeling mix from Roche Applied Science) and anti-DIG antibody conjugated with alkaline phosphatase (Roche Applied Science). Images were obtained with Axioplan 2 fluorescent microscope (Zeiss).
RESULTS

Identification of a Putative Drosophila Sialyltransferase
Gene-By searching the complete Drosophila genome data base with the L-sialyl motif consensus sequence (10), we identified a gene, located at 60D14 on 2R chromosome (GadFly CG4871), with homology to known sialyltransferases. Searches of the Drosophila EST data base (47) identified a cDNA clone, GH27778, with homology in the 5Ј-prime sequence to the predicted mRNA of CG4871. The sequence of this clone revealed that it included an open reading frame corresponding to the predicted open reading frame of CG4871, confirming that hypothetical gene CG4871 indeed represents an active transcription unit. This gene has been referred to as ST6Gal in the Drosophila genome data base based on its sequence similarity to vertebrate sialyltransferases, but as this name does not accurately reflect its actual enzymatic activity (see below), we instead designate it as SiaT. Similar to vertebrate sialyltransferases, this gene encodes a putative type II transmembrane protein with an N-terminally located signal peptide/anchoring domain, a stem region, and a C-terminal presumptive catalytic domain with high homology to the corresponding domain of vertebrate sialyltransferases (Fig. 1, A and B) . The closest vertebrate homologues of Drosophila SiaT (designated D. SiaT) are ␤-galactoside ␣2-6-sialyltransferases, including human ST6Gal II (7, 8) and chick and bovine ST6Gal I proteins (48, 49) (BLAST E-values: 3e-50, 2e-47, and 2e-45, respectively). BLAST searches also revealed an Anopheles gambiae (mosquito) gene, agCG56989 (GenBank™ accession number EAA04038), encoding a putative sialyltransferase with high sequence homology to D. SiaT (E-value: 3e-89). Multiple sequence alignment with the catalytic domains of known vertebrate sialyltransferases confirmed a closer relationship of D.
SiaT to ST6Gal sialyltransferases, as compared with ST3Gal, ST6GalNAc, or ST8Sia sialyltransferases (data not shown). Within a phylogenetic tree of ST6Gal sialyltransferases, the position of D. SiaT is slightly closer to the ST6Gal II subfamily than to ST6Gal I subfamily of sialyltransferases (Fig. 1C) Fig. 2A) and Fringe (data not shown) (51, 52) , revealed that D. SiaT protein is localized mainly to the Golgi compartment. We also found that a fraction of SiaT-HA protein expressed in S2 cell culture is secreted into the cell medium in soluble form (Fig. 2B ). This result is in agreement with data on the presence of the soluble secreted form of ST6Gal I sialyltransferases (53, 54) .
Purification of D. SiaT Protein-D.
SiaT protein with an N-terminal protein A tag was transiently expressed in Drosophila S2 cells and purified from the media using IgG beads. Initial experiments confirmed its sialyltransferase activity (data not shown). As larger D. SiaT quantities than could be conveniently produced in S2 cells were required for comprehensive enzymatic characterization, D. SiaT recombinant protein was also expressed in Sf9 cells using the baculovirus expression system (Invitrogen). The ProtA-SiaT fusion protein was expressed in these cells at high level and efficiently secreted into the culture medium. We routinely purified 2-5 g of recombinant D. SiaT protein from 1 ml of culture medium (Fig. 2C) .
Sialyltransferase Activity and Substrate Specificity of D. SiaT-Sialyltransferase activity of purified D. SiaT protein was revealed in a series of sialyltransferase assays. To determine the substrate specificity of D. SiaT, a panel of different oligosaccharide, glycoprotein, and glycolipid acceptors was assayed (Table I) . Among oligosaccharide acceptors, D. SiaT exhibited highest activity toward GalNAc␤1-4GlcNAc-R g (LacdiNAc-R g ), whereas lower activity was detected toward Gal␤1-4GlcNAc (LacNAc or type II) and Gal␤1-3GlcNAc (type I) disaccharide acceptors, as well as toward lacto-N-neotetraose (LNnT) and lacto-N-tetraose (LNT) acceptors. No activity was detected toward Gal␤1-3GalNAc or GalNAc␣1-benzyl acceptors. Among the glycoproteins tested, bovine lactoferrin and ␣-lactalbumin were the best acceptors. With relatively low efficiency, D. SiaT could also utilize asialofetuin and asialo-␣ 1 -acid glycoprotein as acceptors. No activity toward glycolipid acceptors was detected (Table I) .
Effects of Temperature, pH, and Divalent Cations on D. SiaT Activity-When the activity of D. SiaT was compared at different temperatures, an ϳ30% increase in activity was observed after raising the temperature from 25 to 37°C (Fig. 3A) . Similar effects have been described for a number of other Drosophila enzymes (55, 56) . We also analyzed the dependence of D. SiaT activity on pH and found that pH between 6.0 and 6.5 was optimal (Fig. 3B) . This is close to the optimal pH (6.0) reported for ST6Gal I sialyltransferases (57) .
Next, we examined the dependence of D. SiaT activity on the presence of metal cations. None of the tested cations potentiated D. SiaT activity, whereas some of them (Cu 2ϩ , Ni 2ϩ , and Co 2ϩ ) significantly inhibited the activity of the enzyme (Fig.  3C ). EDTA at 15 mM concentration (in the absence of added ions) had no effect on D. SiaT activity (data not shown).
Linkage Specificity of D. SiaT-We analyzed the linkage and attachment site of D. SiaT-incorporated sialic acid by NMR spectroscopy. To this end, a large scale sialyltransferase assay was performed using GalNAc␤1-4GlcNAc␤1-2Man␣1-O(CH 2 ) 7 CH 3 as an acceptor. The choice of the acceptor was based on the fact that this oligosaccharide has a terminal LacdiNAc structure, the preferred acceptor of D. SiaT (Table I ). First, the 1 H NMR spectrum of the non-sialylated acceptor was acquired (Table II) and found to be in agreement with data published previously (58) . Next, we analyzed the structure of GalNAc␤1-4GlcNAc␤1-2Man␣1-O(CH 2 ) 7 CH 3 after sialylation with D. SiaT (Fig. 4) . We noted that the sialylation reaction was Ն95% efficient because we could not detect any non-sialylated acceptor in the NMR spectrum after the sialyltransferase assay. Comparison of the structural reporter group chemical shift values to published data (58 -61) indicated that sialic acid was ␣2-6-linked to the terminal ␤-linked GalNAc residue. Specifically, the appearance of an N-acetyl signal at ␦ 2.030 and the equatorial (␦ 2.662) and axial (␦ 1.717) H-3 signals of NeuAc indicated the ␣2-6 linkage of sialic acids (59) . Furthermore, an upfield shift of the GalNAc H-1 from ␦ 4.516 to ␦ 4.500, of GlcNAc H-1 from ␦ 4.558 to ␦ 4.586, and the downfield shift of the GlcNAc N-acetyl signal from ␦ 2.045 to ␦ 2.069 upon the addition of an ␣2-6-linked Neu5Ac to GalNAc is in agreement with the chemical shift changes described between non-sialylated and sialylated LacdiNAc residues of structures N1.3 and N2.1, respectively (60) (see also N2/B and N1/B-6Ј in Ref. 61 ). In addition, because we used a trisaccharide acceptor, we noted that the Man H-1 signal also shifts upfield from ␦ 4.854 to ␦ 4.879 (Table II) . Together, these results established that D.
SiaT attaches ␣2-6-linked sialic acid to the terminal GalNAc Protein A-SiaT fusion protein was expressed in Sf9 cells using baculovirus system, purified using Sepharose-IgG beads, separated on SDS-PAGE gel, and analyzed by Western blotting (probed with purified rabbit IgG) and Coomassie staining. Beads from mock purification (Sf9 cells infected with irrelevant baculovirus) were used as a negative control. Based on Coomassie staining, the purity of IgG-immobilized D. SiaT protein was estimated to be Ն98%.
TABLE I Acceptor substrate specificity of D. SiaT
Oligosaccharides were assayed at 3 mM, gangliosides at 0.5 mg/ml, and glycoproteins at 2.5 mg/ml concentration. R represents the remainder of the N-linked glycan; R Cer indicates the remainder of the glycolipid structure; PEtn is phosphoethanolamine. residue of LacdiNAc acceptor structure. To confirm the linkage of D. SiaT-mediated sialylation of other oligosaccharide acceptors (type I, LacNAc, LNnT, and LNT), the sialylated oligosaccharides were digested with linkage-specific sialidases. Sensitivity of incorporated [ 14 C]Neu5Ac to ␣2-3,6-but not to ␣2-3-sialidase indicated that all these acceptors were modified with ␣2-6-linked sialic acid (Fig. 5A) . Therefore, by analogy with LacdiNAc, we concluded that D. SiaT modifies the terminal Gal residue on LacNAc, type I, LNnT, and LNT oligosaccharides with ␣2-6-linked sialic acid. This was also confirmed by comigration of authentic Neu5Ac␣2-6Gal␤1-4GlcNAc standard trisaccharide with D. SiaT-sialylated LacNAc acceptor on HPTLC (data not shown).
Additional experiments were performed to analyze the linkage of sialic acids on glycoprotein acceptors. Digestion of labeled asialofetuin and asialo-␣ 1 -acid glycoprotein with linkagespecific sialidases confirmed that sialic acids were incorporated into these glycoproteins via an ␣2-6 linkage (Fig. 5B) . Moreover, degalactosylated asialofetuin did not serve as an acceptor for D. SiaT (data not shown), which implied that D. SiaT modified the terminal Gal residues of asialofetuin glycans. Glycoproteins were also treated with PNGaseF to determine whether the incorporated sialic acids were on N-linked (PNGaseF-sensitive) or O-linked (PNGaseF-insensitive) glycans. In all cases, PNGaseF treatment led to the removal of incorporated radioactivity, indicating that the sialic acids were present on N-linked structures (Fig. 5C) . Thus, these data indicated that D. SiaT produced Sia␣2-6Gal␤1-4GlcNAc termini on N-linked glycans of asialofetuin and asialo-␣ 1 -acid glycoprotein (Table I) .
Unlike asialofetuin, lactoferrin was not modified by D. SiaT on its terminal ␤1-4-linked Gal residues, because galactosidase pretreatment had no detectable effect on its ability to serve as acceptor for D. SiaT (Fig. 6A) . Bovine lactoferrin was previously shown to contain only N-linked glycans which, in addition to LacNAc, also carry LacdiNAc termini (Table I) (43) . Therefore, we reasoned that D. SiaT might have modified terminal ␤-linked GalNAc residues on this acceptor. Indeed, pretreatment of lactoferrin with ␤-N-acetylhexosaminidase f that removes terminal ␤1-4,6-linked GalNAc and GlcNAc residues abolished D. SiaT-mediated Neu5Ac incorporation, confirming that sialic acids were attached to LacdiNAc termini (Fig. 6A) . This result correlates well with D. SiaT activity detected toward LacdiNAc-containing oligosaccharide acceptors (Table I and Fig. 4 ) and toward bovine ␣-lactalbumin, the major glycoform of which carries a biantennary structure with LacdiNAc termini (62) . To confirm that lactoferrin is modified with ␣2-6-linked sialic acids, we treated the [ 14 C]Neu5Ac-sialylated lactoferrin with linkage-specific sialidases. Interestingly, the radiolabeled sialic acids could only be removed from lactoferrin by V. cholerae ␣2-3,6,8-sialidase but not C. perfringens ␣2-3,6-sialidase (Fig. 6B) . Sialylated LacdiNAc oligosaccharide revealed a similar pattern of sensitivity to the sialidase digests, as it was also resistant to C. perfringens ␣2-3,6-sialidase treatment (Fig. 6C) . A resistance of ␣2-6-sialylated fluorophorelabeled GalNAc to C. perfringens ␣2-3,6-sialidase has been noted previously (Glyko, manufacturer's protocol). Considering that the linkage created by D. SiaT on LacdiNAc oligosaccharide is clearly ␣2-6 (Fig. 4 and Table II), we concluded that the LacdiNAc termini of lactoferrin were modified by D. SiaT with ␣2-6-linked sialic acids but that the product was resistant to cleavage by C. perfringens ␣2-3,6-sialidase as shown for model structures (Fig. 6C) . Interestingly, there is also prior evidence that ␤-linked GalNAc modified with ␣2-3-sialic acid is resistant to cleavage by certain ␣2-3-sialidases (63). Thus, sialylated ␤-linked GalNAc structures appear to have an intrinsic resistance to certain sialidases. Kinetic Analysis of D. SiaT-We also determined the kinetic parameters of D. SiaT for certain acceptors. The apparent K m value of D. SiaT for LacNAc (Gal␤1-4GlcNAc) non-reducing termini of asialofetuin glycans was 1.4 mM, and V max was estimated as 0.4 nmol/h/mg (relative V max /K m ϭ 0.3). We could not determine the apparent K m value for the LacNAc disaccharide acceptor, because no signs of saturation of the sialyltransferase reaction could be reached at the tested concentrations of this acceptor. Nevertheless, the reaction velocity obtained for a range of acceptor concentrations indicated that LacNAc disaccharide was a better acceptor for D. SiaT than the LacNAc termini of asialofetuin glycans (Fig. 7) . Similarly, LacdiNAc-R g disaccharide (K m ϭ 8.0 mM, V max ϭ 139 nmol/h/mg, relative V max /K m ϭ 17.3) was a better acceptor than the LacdiNAc termini of lactoferrin (K m ϭ 0.5 mM, V max ϭ 1.9 nmol/h/mg, relative V max /K m ϭ 3.8). Moreover, the kinetic parameters clearly indicate that LacdiNAc is preferred over LacNAc, both in the context of glycoprotein and disaccharide acceptors (Fig. 7) . (Fig. 8A ). Several observations indicate that the incorporated sialic acid was attached to terminal LacdiNAc structures. Similar to sialylated lactoferrin, the product of D. SiaT autosialylation was resistant to C. perfringens ␣2-3,6-sialidase but could be removed by V. cholerae ␣2-3,6,8-sialidase (Fig. 8B) . Pretreatment of D. SiaT with ␤-N-acetylhexosaminidase f , but not with bovine testes ␤-galactosidase or S. pneumoniae ␤-N-acetylglucosaminidase (which specifically removes terminal ␤-linked GlcNAc residues), abolished the autosialylation of D. SiaT (Fig.  8C) , indicating that sialic acids were probably linked to terminal ␤-linked GalNAc residues. This conclusion was confirmed by lectin blotting using WFA, a lectin that specifically recognizes terminal GalNAc residues (64) . Only sialidase-treated D. SiaT protein, and not fully autosialylated D. SiaT, is recognized by WFA (Fig. 8D) , thus indicating that terminal GalNAc residues were masked on autosialylated D. SiaT protein by the attached sialic acids.
Autosialylation of D. SiaT on LacdiNAc Termini of N-Linked
So far, to the best of our knowledge, terminal ␤-linked GalNAc on N-glycans has only been described in the context of LacdiNAc and Sd a (Neu5Ac␣2-3[GalNAc␤1-4]Gal␤1-) structures (65, 66) . To discriminate between these two possibilities, we analyzed ␤-N-acetylhexosaminidase f -treated D. SiaT protein by lectin blotting using RCA-I, which recognizes terminal ␤-linked galactose residues (67) . Untreated D. SiaT protein showed significant reactivity to RCA-I, presumably because of the presence of terminal ␤-linked GalNAc residues that can also interact with RCA-I (Vector Laboratories, manufacturer's information). At the same time, hexosaminidase f -treated D. SiaT protein had significantly decreased RCA-I reactivity, thus indicating that the penultimate sugar is not Gal (Fig. 8E) . The presence of unchanged IgG band (explained by the presence of terminal galactose on IgG glycans (68)) in both treated and untreated samples served as a control indicating the absence of proteolytic and galactosidase activity (Fig. 8E) . These results are compatible with the presence of LacdiNAc structure and confirm the absence of Sd a -like structure on D. SiaT glycans. Thus, these data, together with the observations that (i) terminal LacdiNAc structure has been described previously (69, 70) on insect N-glycans, (ii) lepidopteran cells used for D. SiaT expression possess the ␤1-4GalNAc-transferase activity required for the synthesis of LacdiNAc termini (71) , and that (iii) LacdiNAc structure was identified as a preferred acceptor for D. SiaT in our sialyltransferase assays, indicate that sialylation of D. SiaT N-linked glycans most likely occurs on the ␤-linked GalNAc residues of LacdiNAc termini.
In Vivo Activity of D. SiaT-In order to examine if autosialylation occurs during the expression of D. SiaT in Sf9 cells, the purified sialyltransferase was probed with SNA that specifically recognizes ␣2-6-linked sialic acids (72) . Strong lectin reactivity was observed for the purified protein (Fig. 9, lane 1) . Importantly, SNA reactivity could be eliminated by sialidase treatment and restored by in vitro autosialylation (Fig. 9) . Nonetheless, the capacity for in vitro autosialylation, even without sialidase treatment (e.g. Fig. 8A, 1st lane) 14 C]Neu5Ac, separated on HPTLC plate (oligosaccharides) or SDS-PAGE gel (glycoproteins), and exposed to a PhosphorImager screen. A, sialylated oligosaccharides were mocktreated or treated with ␣2-3-sialidase (S. pneumoniae) or ␣2-3,6-sialidase (C. perfringens). In the control treatment (data not shown), the same amount of ␣2-3-sialidase completely removed sialic acid from [ 14 C]NeuAc-labeled type I disaccharide standard that was prepared with commercial ␣2-3-sialyltransferase (Sigma). B, sialylated glycoproteins, asialofetuin and asialo-␣ 1 -acid glycoprotein, were mock-treated, treated with ␣2-3-sialidase or ␣2-3,6-sialidase. In the control treatment (data not shown), the same amount of ␣2-3-sialidase completely removed incorporated sialic acid from [
14 C]NeuAc-labeled ␣2-3-sialylated asialofetuin (prepared with commercial ␣2-3-sialyltransferase (Sigma)). C, PNGaseF treatment of sialylated asialofetuin and asialo-␣ 1 -acid glycoprotein. *, autosialylated D. SiaT protein. 14 C]Neu5Ac, separated on HPTLC plate (LacdiNAc-R g ) or SDS-PAGE gel (lactoferrin), and exposed to a PhosphorImager screen. A, prior to sialylation, lactoferrin was mock-treated or treated with ␤-galactosidase (␤-gal-ase) or ␤-N-acetylhexosaminidase f (Hex-ase f ) . B, sialylated lactoferrin was mock-treated or treated with ␣2-3-sialidase, ␣2-3,6-sialidase, or ␣2-3,6,8-sialidase. C, sialylated LacdiNAc-R g was mock-treated or treated with ␣2-3-sialidase, ␣2-3,6-sialidase, or ␣2-3,6,8-sialidase. Note that the structure is partially resistant to ␣2-3,6-sialidase treatment. system cells started to contribute to this pattern of SiaT expression (Fig. 10B) . Expression was also detected in some regions of the embryonic brain (Fig. 10C ) and, at significantly lower levels, in the ectoderm.
DISCUSSION
An Ancient Origin for Sialylation-As shown in this study, Drosophila encodes a functional sialyltransferase that is related to the ST6Gal family of sialyltransferases. D. SiaT is the first characterized sialyltransferase in the protostome lineage of animals. An insect homologue of D. SiaT, with 47% amino acid sequence identity, was also found in the mosquito genome. Sequence analysis revealed a closer relationship of these insect proteins to the ST6Gal II than to the ST6Gal I vertebrate sialyltransferases. These data suggest that vertebrate ST6Gal sialyltransferases and insect sialyltransferases probably have a common ancestral gene and that ST6Gal I subfamily possibly evolved from the more ancient ST6Gal II-like sialyltransferases after the separation of deuterostome lineage. Also, this indicates the possibility that ST6Gal family represents the most ancient type of animal sialyltransferases that gave rise to other vertebrate sialyltransferase families during evolution.
Comparison of D. SiaT to Vertebrate Sialyltransferases-The enzymatic characterization of purified D. SiaT confirmed a general relationship between D. SiaT and vertebrate ST6Gal sialyltransferases. At the same time, our assays and kinetic analysis also revealed a distinct substrate specificity of D. SiaT, as it prefers LacdiNAc termini over LacNAc termini on both oligosaccharide and glycoprotein acceptors in in vitro assays (Table I and Fig. 7 ). Bovine and rat ST6Gal I sialyltransferases have been shown to utilize LacdiNAc as an acceptor in vitro (49, 73, 74) , and the existence of sialylated LacdiNAc on mammalian glycoproteins suggests that these sialyltransferases, in addition to LacNAc, may also sialylate LacdiNAc termini in vivo. However, all previously characterized ST6Gal I sialyltransferases preferred LacNAc-terminating acceptors to other structures (57), including LacdiNAc (49, 73, 74) . The recently characterized hST6Gal II also exhibited a preference for LacNAc, but its activity toward LacdiNAc structures was not examined (7, 8) . Based on the sequence similarity between D. SiaT and hST6Gal II, it can be expected that LacdiNAc might be an acceptor for hST6Gal II.
In contrast to the tight specificity shown by mammalian sialyltransferases, we found that D. SiaT can also modify type I disaccharide and LNT, a tetrasaccharide containing type I structure at its non-reducing end (Table I and Fig. 7 ). This activity is lower than that toward LacNAc-containing oligosaccharides; nevertheless, it is still unusually high considering that type I disaccharide is a very poor acceptor for ST6Gal sialyltransferases (7, 8, 48, 53, 74, 75) . The exception represents data on the relatively high activity of mouse and human ST6Gal I toward LNT (7, 76) , which, however, was not confirmed by another study (8) . Thus, D. SiaT exhibits broader substrate specificity than its vertebrate homologues.
Besides its broader substrate utilization, D. SiaT has several important characteristics in common with previously characterized ST6Gal sialyltransferases. First, we found that D. SiaT can modify LacNAc termini of oligosaccharides with relatively high efficiency (Table I and Fig. 7) . Second, D. SiaT does not have any detectable in vitro activity toward glycolipids (Table  I) , including Drosophila glycolipids (with or without phosphoethanolamine groups) that are known to contain terminal LacdiNAc residues (34) . This result correlates with the fact that sialylated glycolipids were not detected in Drosophila (34) . In this respect, D. SiaT is similar to the characterized ST6Gal enzymes which, unlike some ST3Gal or ST6GalNAc sialyltransferases (5), do not utilize glycolipid acceptors (7, 48) . Third, similar to hST6Gal II (7, 8) , the closest characterized mammalian homologue of the Drosophila enzyme, D. SiaT prefers oligosaccharide acceptors to glycoproteins (Table I and Fig.  7 ). Based on this acceptor preference, a role in the in vivo synthesis of sialylated oligosaccharides (e.g. milk oligosaccharides) was suggested for hST6Gal II (7, 8) . However, nothing is known about the existence of such oligosaccharides in Drosophila. Alternatively, it is also possible that as yet undefined recognition determinants (e.g. a particular glycan or protein structural motifs (77, 78) ) are required by D. SiaT for the recognition of specific glycoprotein acceptors, and that these determinants are absent on the tested glycoproteins.
We found that D. SiaT activity was not potentiated by divalent metal cations and not inhibited by EDTA (Fig. 3C) . In this respect, D. SiaT is also similar to the ST6Gal sialyltransferases, activities of which (unlike for some other sialyltransferases, e.g. ST6GalNAc III (79)) do not require the presence of metal cations (57, 75) .
Insect Cells Can Synthesize Sialylated LacdiNAc-The anticipated in vivo activity of D. SiaT is of particular interest. It is plausible that the high in vitro activity toward LacdiNAccontaining structures reflects the in vivo substrate preference of the enzyme. Although LacdiNAc termini are present on glycoconjugates from a variety of animal species (65), they are thought to be more common in invertebrates, whereas LacNAc structure is more prevalent in vertebrates (65, 80) . Thus, the detected shift in substrate specificity between D. SiaT and related ST6Gal sialyltransferases may reflect the evolution of animal glycomes.
In mammals, LacdiNAc structure is less common than LacNAc. Nevertheless, it is present on numerous glycoproteins and sometimes is found to bear different modifications, including ␣2-6-sialylation of the terminal GalNAc residue (65) . Interestingly, sialylated (and/or fucosylated) LacdiNAc structures were suggested to mediate immunosuppression and to block sperm-zona pellucida binding in humans (81) . Besides the potential involvement in specific adhesion processes, a role for sialylated LacdiNAc in secretion of mammalian glycoproteins has also been suggested (82) . In insects, the function of LacdiNAc has not yet been assessed. To the best of our knowledge, this structure has only been reported on the antennae of honeybee venom glycoproteins (69, 70) . A ␤1-4GalNAc-transferase activity responsible for the synthesis of LacdiNAc termini has been detected in lepidopteran cells (71) , but the identity of glycoproteins with this determinant is still unknown. We found that recombinant D. SiaT protein is produced by insect cells with sialylated ␤-linked GalNAc termini on N-linked glycans. These data provide the first evidence for the presence of a sialylated LacdiNAc structure on an insect glycoprotein. Although the structure of D. SiaT glycans under native conditions may not correlate accurately with glycosylation observed in cell culture, our results suggests that endogenously expressed D. SiaT might also be autosialylated. We are currently investigating this possibility.
Potential Biological Functions of Sialylation in DrosophilaOur in situ hybridization experiments revealed a restricted pattern of SiaT expression during Drosophila embryonic development. The strongest expression was detected during late embryonic stages in a subset of cells, presumably neurons, within the developing central nervous system. This pattern of SiaT expression is similar to the previously reported pattern of cytochemical staining using Limax flavus lectin that specifically recognizes sialic acids (21) . Some difference between SiaT expression determined in our experiments and the reported lectin staining at the early stages (e.g. SiaT expression was not detected in the pole cells and at the cellular blastoderm stage) might be explained by a maternal supply of sialylated glycoconjugates. The immunochemical detection of polysialic acid by Roth et al. (21) would suggest the existence of a polysialyltransferase in Drosophila. However, exhaustive searches of the complete Drosophila genome have only revealed the presence of one sialyltransferase, SiaT, although it cannot be excluded that other non-vertebrate-type sialyltransferase(s) might also be present.
The expression of D. SiaT in developing central nervous system is particularly interesting. Developmentally regulated glycosylation of cell adhesion molecules has been implicated in sensory afferent targeting and the establishment of the sensory nervous system architecture in the leech (83) . Similarly, dynamic expression of SiaT may provide a basis for temporally and spatially regulated sialylation that could play a role in Drosophila nervous system development. Our preliminary data indicate that the position of SiaT-expressing cells within central nervous system map to the region of specified motoneurons (84) . Thus, it is conceivable that D. SiaT functions within these cells to modulate the adhesive properties of motoneuronal processes by sialylating cell-surface glycoproteins. Alternatively, D. SiaT-mediated sialylation may be important for the establishment of neuromuscular junctions (e.g. the activity of a muscle-specific receptor tyrosine kinase, a key mediator of neuromuscular synapse formation, was found to be modulated by sialylated N-linked glycans (85)). It is interesting to note that the expression of hST6Gal II sialyltransferase, the human homologue of D. SiaT, is significantly elevated in fetal brain (7, 8) , which may reflect an evolutionarily conserved molecular mechanism underlying the function of these enzymes in neural development. Further studies are underway to map precisely SiaT-expressing cells and to reveal the function of SiaT expression in developing central nervous system.
